AbStrACt: Schizophrenia (SCZ) is a serious psychiatric disorder that affects 1% of general population and places a heavy burden worldwide. The underlying genetic mechanism of SCZ remains unknown, but studies indicate that the disease is associated with a global gene expression disturbance across many genes. Next-generation sequencing, particularly of RNA sequencing (RNA-Seq), provides a powerful genome-scale technology to investigate the pathological processes of SCZ. RNA-Seq has been used to analyze the gene expressions and identify the novel splice isoforms and rare transcripts associated with SCZ. This paper provides an overview on the genetics of SCZ, the advantages of RNA-Seq for transcriptome analysis, the accomplishments of RNA-Seq in SCZ cohorts, and the applications of induced pluripotent stem cells and RNA-Seq in SCZ research. 
Introduction
Schizophrenia (SCZ) is a common mental disorder that affects 21 million people worldwide. In the United States, the prevalence of SCZ is ∼1% among American adults and the estimated cost of the disease was $62.7 billion in 2002. 1 It significantly interferes with the quality of life for the patients and their families. The risk of suicide for SCZ patients is eightfold higher than general population. Up to 40% of people with SCZ attempt suicide and 15% of them actually complete suicide. SCZ has an equal incidence in men and in women, with the delayed onset in women. 2 The symptoms of SCZ include hallucinations, delusions, disorganized speech, abnormal motor behavior, flattened affect and social withdrawal. 3 Medications can be used to relieve some symptoms, but there is no cure for SCZ and the underlying mechanisms remain elusive. While the causes of SCZ are still unknown, there is no doubt that the disease has a strong genetic basis. The family history is the most significant risk factor for SCZ. 4 A number of genetic approaches were performed to identify the candidate variants and genes implicated in SCZ. 5 In the past decade, the sequencing costs have fallen significantly with the development of next-generation sequencing (NGS). RNA sequencing (RNA-Seq) has become a powerful and common tool for genetic research. RNA-Seq can accurately quantify the gene expression levels and establish a global view of whole transcriptome. 6 RNA-Seq has been used for transcriptome analysis to understand the genetic mechanism of the SCZ. In this review, we first introduce the genetic basis of SCZ with a focus on genetic studies using high-throughput technologies to identify sequence variants and genes implicated in SCZ. We describe the RNA-Seq approach and its advantages for transcriptome analysis of human complex disorders. We then summarize RNA-Seq studies published so far for analyzing the transcripts in the tissues of SCZ patients. Finally, we provide a synopsis of RNA-Seq studies using induced pluripotent stem cells (iPSCs) as a model for SCZ research.
SCZ Genetics
Although the causes of SCZ remain unknown, there is a clear genetic component to the disease. The risk for developing SCZ increases significantly with the history of family psychosis. SCZ is present in 1% of the general population, and it occurs in 13% of those with one parent who had SCZ. If one identical twin is diagnosed with SCZ, the rate of developing SCZ for the other is ∼50%. The twin and family studies suggest that the SCZ has a significant heritability at 81%. 7 However, little is known about the roles of genetic factors in the development of SCZ. Identifying the variants and genes associated with SCZ could help elucidate the genetic mechanisms of the disease.
The genetic variants play a significant role in the nature of risk for SCZ, and a number of advanced high-throughput technologies were carried out to identify the sequence variants associated with SCZ. Genome-wide association studies (GWASs) have been widely used to identify the common single-nucleotide polymorphisms (SNPs) at novel loci implicated in SCZ. [8] [9] [10] [11] [12] [13] [14] A GWAS of 3,322 European SCZ patients and 3,587 healthy controls showed convincing statistical evidence for major histocompatibility complex (MHC) region. 8 Other GWASs with large sample sizes identified the common variants associated with SCZ on chromosomes 6p22.1, 11 18q21.2, 12 and 11q24.2, 12 and microRNA 137. 13 Most common SNPs identified from GWASs have modest effects on the disease risk, but the combined polygenetic effect of many genes may increase the liability to psychiatric disorders, rationalizing the large contribution of common variation to the heritability of SCZ. 8 Psychiatric Genomics Consortium (PGC) has established a list of .100 common loci implicated in SCZ and other major mental disorders.
14 The GWAS data sets can be accessed from the PGC website (https://www.med.unc.edu/pgc). However, common variants explain only a small proportion of the genetic contribution to SCZ and the remaining missing heritability is apparently unexplained. In the past decade, NGS has powerful capabilities for discovering genetic variations. Copy number variation and exome sequencing studies using NGS demonstrated the growing appreciation of rare genetic variants of large effect on the risk for SCZ. 15 Rare copy number variants associated with SCZ have been identified at loci 1q21.1, 3q29, 15q13.3, 16p11.2, and 22q11.21, 16 and structural rearrangements implicated in SCZ have been found in phosphodiesterase 4B (PDE4B) and nudE neurodevelopment protein 1 (NDE1) genes. 17, 18 The case-control exome sequencing studies of SCZ demonstrated that the rare damaging mutations were enriched in the genes involved in neural development or implicated in mental disorders. For example, a recent whole exome sequencing for 2,536 cases and 2,543 controls found an enrichment of rare disruptive variants in genes related to calcium channels, the postsynaptic activity-regulated cytoskeleton-associated protein (ARC) complex, and the fragile X mental retardation protein. 19 Another deep sequencing project for a total of 980 cases and 955 controls observed an excess of rare nonsense variants in 101 candidate genes associated with SCZ. 20 The sequencing studies provided the target genes that can be used to plan the next steps, and follow-up functional studies have established some candidate genes for developing SCZ. 5 Disrupted in schizophrenia 1 (DISC1) gene is a significant candidate gene for SCZ. The risk gene is identified from the linkage analysis of a reciprocal chromosome (1;11) (q42;q14) translocation in a large Scottish pedigree highly burdened for major mental diseases. 21 The people with the translocation present a reduced P300 event-related potential associated with SCZ. 21 Several independent linkage and association studies also reported evidence for the association of DISC1 variants with various psychiatric disorders as well as multiple cognitive and neurophysiological traits. [22] [23] [24] The gene expression of DISC1 was changed on SCZ patients, and some spliced transcripts were highly expressed in the hippocampus of these patients. 25 The dysbindin (DTNBP1) is another SCZ susceptibility gene, with a reduced expression in the midbrain of SCZ patients. 26 Interestingly, DISC1 can enhance the stability of DTNBP1 through forming a complex and the interaction is important for the process of neurite outgrowth. 27 In addition, the association studies have found common variants in susceptibility to major psychiatric disorders in DISC1-interacting partners, such as activating transcription factor 4, pericentriolar material 1, NDE1, and PDE4B. 23 Therefore, it is believed that multiple genes can contribute to the development of SCZ by altering interaction networks required for normal brain functions. However, most of the candidate genes have not been well validated for their functional roles and more comprehensive approaches need to be performed to identify the susceptibility genes associated with SCZ. The transcriptome analysis can give functional sense to the genetic knowledge of SCZ.
rNA-Seq and Human diseases
Over the past decade, the sequencing landscape was dramatically changed. The Sanger sequencing, 28 referred as the first-generation sequencing, uses a chain termination and fragmentation approach to sequence DNA. It requires bacterial cloning and can only carry out hundreds of sequencing reaction. Human Genome Project 29 costs a total of $3 billion, and it has taken 13 years to sequence the first reference genome using Sanger-based sequencing. It stimulated the development of massively parallel sequencing, called NGS, to reduce the sequence costs and speed up the process. NGS technologies can prepare libraries in a cell-free system and perform millions of sequencing reactions in parallel, which enable the sequencing of genomes at the remarkable price and speed. 30, 31 The latest NGS platforms can complete the sequencing of whole human genome at a few thousand dollars within one week. The NGS technologies enable scientists to address the biological questions at an unprecedented large scale, which revolutionize the SCZ research. 32 RNA-Seq uses the latest NGS technologies to sequence the transcriptome and conduct gene expression analysis for SCZ ( Fig. 1) . In general, the samples are collected from human tissues, such as brain, and blood or pluripotent stem cells, such as iPSCs, derived from the tissue cells in SCZ patients and/or healthy individuals. RNAs are extracted from the samples and converted to cDNA fragments with adaptors added for NGS library preparation. Each short cDNA fragment is sequenced using massively parallel sequencing on NGS sequencers, such as Illumina 33 and PacBio RS 34 systems. Then, the sequence reads are aligned to a known reference genome/transcriptome or assembled without the reference. 6 This technology enables the scientists to discover, quantify, and profile RNAs in SCZ studies. RNA-Seq has several advantages over other high-throughput RNA detection technologies, such as DNA microarray hybridization technology (Table 1) . It needs a small amount of RNA as inputs and does not require probes based on existing genomic sequence. RNASeq has low background noise and can measure the transcripts in a single base level. 6 It can quantify the transcripts without limit and detect a dynamic range of gene expression levels. In addition, RNA-Seq can detect exon splicing for different isoforms, allelic expressions, rare transcripts, and noncoding RNAs, which are very difficult to be measured by microarray. 6 Thus, RNA-Seq has been widely used for coding and noncoding RNA expression profiling, coding gene annotation, and genome rearrangement detection, 35 which provide useful information to elucidate the genetic mechanism of SCZ.
RNA-Seq provides an unbiased way to investigate the gene expression, and it has been widely used to research the human complex disorders, including cancers as well as neurodegenerative and neuropsychiatric diseases. 36 RNA-Seq can be used to investigate transcripts in cancer cells and may help us understanding the carcinogenesis in human. Scientists found that the gene fusions or alternative splicing events generated by genome rearrangements are involved in the pathogenesis of many types of common cancers, such as prostate cancer, 37 ovarian cancer, and sarcoma. 38 In addition, RNA-Seq can be used to investigate the roles of noncoding RNAs in the pathogenic mechanisms of cancers. For instance, Prensner et al found 121 novel prostate cancer-associated noncoding RNAs and identified prostate cancer associated transcript 1 (PCAT1) as a transcriptional repressor implicated in prostate cancer. 39 RNA-Seq has been used to sequence the brain transcriptome of human and animal models, which provided information about the transcriptional profiles in pathological states of neurodegenerative and psychiatric disorders. 40 For example, the RNA-Seq studies described the differing gene expression levels and splicing isoforms in the brain regions of the Alzheimer's patients. Martin et al 42 carried out RNA-Seq on the medial prefrontal cortex of rats treated with lysergic acid diethylamide and found that the differentially expressed genes are enriched in processes implicated in SCZ. In the next section, we summarize the recent accomplishments of RNA-Seq in human individuals with SCZ and other neuropsychiatric disorders.
rNA-Seq in SCZ Cohorts
RNA-Seq allows investigators to better tailor the gene expression changes in SCZ patients compared to normal people (Table 2 ). Researchers applied RNA-Seq to sequence transcripts derived from the brain tissues of SCZ patients and unaffected controls to survey gene expression changes and identify novel splicing isoforms. Wu et al. 43 used RNA-Seq to sequence the mRNAs collected from postmortem superior temporal gyrus in nine SCZ patients and nine matched controls. They demonstrated that the differentially expressed genes were enriched in energy production, neurotransmission, presynaptic function, and neural development. In addition, they observed that the genes that showed significant differences in alternative splicing and promoter usage were exemplified by doublecortin like kinase 1 (DCLK1) gene, which implicated the critical roles of aberrant RNA processing in the pathophysiology of SCZ. A follow-up study used the differentially expressed genes derived from the same RNA-Seq data and SCZ candidate genes collected from different literature data sets to establish an SCZmediator network. 44 The network analysis of mitochondrial and coagulation pathways suggested that hemostatic process and energy metabolism play critical roles in the pathogenesis of SCZ. RNA-Seq has been used to investigate genes associated with antipsychotic mechanisms in SCZ. Crespo-Facorro et al 45 analyzed the blood mRNAs collected from 22 SCZ patients before and after atypical antipsychotic medication. They identified that the expression levels of six genes with the evidence in a previous study of drug-naive SCZ patients were significantly changed in the patients after medication.
The most significant association was identified between SCZ and locus on chromosome 6p in the MHC region, 8, 12 which strongly implicates that the immune system contributes to the pathophysiology of SCZ. The RNA-Seq studies for the brain tissues demonstrated that the differentially expressed genes in SCZ patients were enriched in the process associated with immune/inflammation system. Hwang et al. 46 identified 144 differentially expressed genes from the hippocampus of SCZ patients and healthy controls. The co-expression network analysis indicated that these genes were highly enriched in the immune/inflammation responses. The transcriptome analysis for dorsolateral prefrontal cortex of 20 SCZ patients and 20 controls found 798 differentially expressed genes, which are overrepresented in the process corresponding to inflammatory response. 47 A follow-up study suggested that the expressions of astrocyte marker genes were increased in SCZ patients with neuroinflammation. 48 The RNA-Seq analyses of blood samples also support the important roles of inflammatory responses in the development of SCZ. The gene expression profiling in blood samples of six individuals (three SCZ patients and three controls) indicated that the differentially expressed genes are enriched in the processes correlated with immune/inflammatory response. 49 Another study of a larger cohort (36 SCZ patients and 40 controls) also supported that immune/inflammatory response is the major biological process presented in the genes with significant differential expressions in SCZ patients. 50 These RNA-Seq studies indicated that immune response may underlie the pathophysiology of SCZ with gene expression alterations occurring in both brain and blood tissues. These findings could be used to elucidate the molecular mechanisms of SCZ, identify target genes for the disease, and develop antipsychotic drugs.
The strong evidence based on neuropathological and genetic studies suggested that SCZ has a clear and overlapping genetic component with other common psychiatric disorders, including bipolar disorder (BD) and recurrent major depressive disorder (rMDD). 51, 52 RNA-Seq was used to identify the shared expression change patterns and investigate the etiological mechanisms for these common psychiatric disorders. The transcriptome analysis of human hippocampus dentate gyrus granule cells from 79 individuals with psychiatric disorders and healthy controls showed that microRNA 182 (miR-182) was involved in shaping the dentate gyrus and the disrupted signaling was found in controls and BD patients, but not in patients with rMDD and SCZ. 53 Sinclair et al. 54 analyzed prefrontal cortex of 144 subjects (55 SCZ patients, 34 BD patients, and 55 controls) and found that the expressions of FK506 binding protein 5 (FKBP5), prostaglandin E synthase 3 (PTGES3), and BCL2-associated athanogene 1 (BAG1) were significantly changed in SCZ and/or BD patients. The whole transcriptome analysis of cingulate cortex from 82 samples (31 SCZ patients, 25 BD patients, and 26 controls) suggested that the differentially expressed genes were enriched in signals from GWASs for both SCZ and BD. 55 The transcriptome analyses of dorsolateral prefrontal cortex identified significant gene expression changes in ATP-binding cassette sub-family G-member 2 (ABCG2), serine/arginine-rich splicing factor 5 (SRSF5), and regulatory factor X4 (RFX4) in BD 56 patients and spermidine/ spermine N1-acetyltransferase (SAT1) in rMDD 57 patients. The microRNA expression study of the prefrontal cortex, hippocampus, and cerebellum showed that the differentially expressed microRNA targets were highly enriched for gene sets associated with major psychiatric disorders, such as SCZ, BD, rMDD, and autism, which suggest that microRNAs play important roles in the transcriptional networks of developing major psychiatric and neurodevelopmental disorders. 58 In addition to investigating altered gene expression, RNA-Seq can be used to analyze the important cellular mechanisms, such as RNA editing. 59 The most prevalent type of RNA editing in human beings is adenosine-to-inosine (A-to-I) RNA editing catalyzed by the adenosine deaminases acting on RNA (ADAR), which has been implicated in SCZ. 60 RNA-Seq provides an accurate and quantitative approach to detect the A-to-I RNA editing sites at genome level. 61 Li et al. 62 applied the parallel DNA capturing and sequencing to analyze the transcripts in seven tissues from a single individual and identified several hundred potential human RNA editing sites. However, Zhu et al. 63 examined these putative RNA editing sites using an ultra-high-throughput sequencing and showed that the variability of RNA editing at the sites may be overestimated in normal human brain. Interestingly, they analyzed 29 confirmed RNA editing sites in SCZ and rMDD patients but did not identify any significant alterations of RNA editing for these sites. Silberberg et al. 64 applied highthroughput sequencing to analyze the editing levels within neuroreceptor in postmortem brain samples obtained from SCZ patients, BD patients, and healthy individuals. In SCZ samples, they observed that the expression of specific ADAR variants was increased but the catalytic activity was decreased. In addition, they found that the RNA editing sites in the glutamate receptor, ionotropic, kainate 2 (GRIK2) transcript are edited frequently in BD patients.
A number of resources have been developed to collect and analyze the RNA-Seq data involved in these common psychiatric disorders. PD_NGSAtlas 65 
rNA-Seq Analysis of iPSCs for SCZ Modeling
A challenging problem of SCZ research is the inaccessibility of the human materials, such as brain tissues. In particular, the studies for investigating pathological progression of SCZ have been hampered by the brain tissues of SCZ patients, which are usually collected from a particular stage of the disease. Fortunately, iPSC technology provides reliable patient-derived cellular model systems to solve this challenging issue in psychiatric research. iPSCs are a type of adult mammalian cells that can be genetically reprogramed to an embryonic stem cell (ESC)-like state by being forced to express genes important for maintaining the essential properties of ESCs. The iPSC technology not only provides the tools to investigate the development and epigenetic reprograming but also can be used to investigate the human neuropsychiatric disorders, using the disease-specific neurons derived from iPSCs of patients. 68 For instance, the iPSCs can be used to prepare brain cells that contain the actual genetic information of the SCZ patients. In addition, the in vitro differentiation tool makes it possible to construct an accurate SCZ disease model. 69 The advent of iPSC technology allows scientists to investigate the cellular and molecular effects of SCZ. 70 Chiang et al. 71 generated the first integration-free iPS cell line from the skin biopsies of SCZ patients with a DISC1 mutation. Then, Brennand et al. 72 and Tran et al. 73 established human iPSCs from fibroblasts of SCZ patients and differentiated them to SCZ-specific iPSC neurons. The neurons had defects in neuronal connectivity and reduced expression levels of PSD95 dendritic protein and glutamate receptor. 72 Interestingly, the SCZ-specific iPSC neurons showed the differential expressions in genes implicated in AMP and WNT signaling pathways, which were consistent with the previous GWAS of SCZ. 72 These efforts make it possible to perform in vitro genetic and pharmacological analyses to study the underlying mechanisms of SCZ.
RNA-Seq has been used to analyze the transcripts of patient-specific neurons from iPSCs for testing the expression alterations in SCZ candidate genes. The gene expression profiling on neurons from iPSCs programed from dental pulp showed that the high expressed genes were enriched for the genes associated with SCZ. 74 Zeng et al. 75 used the neural stem cells differentiated from iPSCs as a model to study the cellular effects of exonic deletions in an SCZ candidate gene neurexin 1 (NRXN1), which suggested that iPSC is a reliable model for studying the functional genetic link between sequence variation and neurodevelopment. Lin et al used the iPSC and RNA-Seq to investigate imprinting and stochastic processes in human neurons and observed that the SCZ candidate genes have allele-biased expressions. 76 They observed dramatic expression changes in SCZ candidate genes, including NRXN1 and neuroligin 1 (NLGN1). 77 In addition, they found that the long noncoding RNAs associated with a GWAS of SCZ have increased expression during the transition from iPSCs to differentiating neurons. The environmental factors, such as maternal immune activation, play important roles in the development of SCZ. The transcriptome analysis of neuronal aggregates derived from iPSC showed that the SCZ candidate genes have dramatic expression changes after heat shock. 78 RNA-Seq has also been applied to characterize the iPSCs derived from the patients with other major psychiatric disorders. Madison et al. 79 built 12 iPSC lines from two affected brothers with BD and their two unaffected parents. They utilized RNA-Seq to analyze the transcripts of the cell lines and observed that the differentially expressed transcripts are enriched in the biological process associated with neuron differentiation and development.
Differentiating neurons derived from iPSCs provide an ideal system for RNA-Seq to study the expression profiling of biological processes in the pathophysiology of SCZ. However, only a few applications of iPSC technology have been used for SCZ research. There are still several major obstacles that must be overcome in this revolution technology. First, the iPSC neurons are closer to fetal neurons rather than adult ones, 80 and the poor maturation may be an issue for studying the lateonset SCZ. Second, most iPSCs contain multiple gene disruptions due to reprograming process, which may result in genetic dysfunction. The reprograming transgenes make iPSCs prone to tumor formation and may lead to abnormal differentiation. Finally, there are some variations in gene expressions between ESCs and iPSCs, 81 which could be particularly problematic in RNA-Seq analysis for SCZ research. Despite these limitations, iPSC provides a good cellular model system to accurately reflect disease conditions. By combining RNA-Seq technology, iPSC can be used to identify the candidate genes associated with SCZ and customize the cell therapies of the disease in the future.
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Conclusions
The pathophysiology of SCZ remains largely obscure. It is considered to be a complex genetic disorder with multiple genes that contribute to the risk of the disease. The main direction of SCZ genetic research is to identify genes conferring risk or protection. RNA-Seq is a powerful tool to investigate the disease-related gene expression alterations at the level of mRNA, with high resolution and reduced cost. It has been fruitfully applied to elucidate the involvement of multiple genes in the pathogenesis of SCZ. The RNA-Seq analyses for both brain and blood tissues of SCZ patients demonstrated that the immune system plays critical roles in the pathophysiology of SCZ. In addition, RNA-Seq can be used to investigate the shared genetic factors between SCZ and other psychiatric disorders. The patient-specific neurons derived from iPSCs provide an ideal system for disease modeling and gene expression profiling using RNA-Seq, which provides useful information for further analyses to characterize the functional effects of candidate genes and design antipsychotic drugs. RNA-Seq studies of SCZ improve our understanding of the roles of multiple genes in the causation of common psychiatric disorders. The advents of RNA-Seq will help biomedical scientists and doctors to develop the better diagnostic and treatment methods for SCZ patients.
